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Abstract
We present a comprehensive investigation on the possibility of the search for new force
mediator X boson in e+e− collision and J/ψ decay at the BESIII experiment. The typical
interactions of X boson coupling to leptons and quarks are explored. The production and
decay properties of this X particle, the product/decay chains e+e− → Xγ → e+e−γ and
J/ψ → Xγ → µ+µ−γ, and exclusion limits on the reduced coupling strength parameters as
functions of X boson mass are presented. With the data set of tens of fb−1 e+e− or 1010 J/ψ,
we find that the exclusion limits on the coupling strength parameters fall in the range of
10−3 ∼ 10−4, depending on mX assuming the decay width 10 eV< ΓX <100 eV reasonably,
for various hypotheses in the literature. According to our estimation, the search for new force
mediator X boson in both e+e− collision and J/ψ decay are accessible in nowadays BESIII
experiment.
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I. INTRODUCTION
The strong and electroweak interactions in between ordinary matter are described
well by the Standard Model (SM) of particle physics, but new physics must be responsible
for the dark matter, the matter-antimatter asymmetry, etc. [1]. It is quite possible that a
more complete theory with additional gauge interactions may provide solutions to those
mysteries. This motivates experimental searches for the non-SM gauge bosons, named
X in this work, which mediate such extended interactions. In general, the X particle
can be a scalar/pseudoscalr Higgs-like particle, the dark photon or Z0-like particle, etc.
Searching for the new interaction mediator X is appealing and challenging. At the
Large Hadron Collider, CMS and ATLAS collaborations search for the Z ′ and W ′ gauge
bosons in the mass range from several hundreds of GeV to several TeV [2–5]. The
light CP-odd Higgs-like particle is explored at both the B-factories [6, 7] and BESIII
experiment [8, 9]. For the dark photon, various experiments have been searching for it
in a broad mass range, like the NA64 experiment [10], BaBar [11], LHCb [12], KLOE-II
[13], HADES [14], as well as future experimental projects like PADME [15], VEPP-3
[16], DarkLight [17], etc. For the probe of axion-like particles, see [18, 19] and references
therein.
Here, we focus on the search of the new interaction mediator X at the BESIII
detector. The BESIII experiment works in the C.M.S. energy region of 2 ∼ 4.6 GeV
and has accumulated 1.3 billion J/ψ’s and 0.5 billion ψ(3686)’s [20], which provides
ideal samples for the new interaction mediator search in the mass region up to several
GeV.1 The latest result is the dark photon (U) search in J/ψ → η′U process followed by
U → e+e− decay. The mass range of 0.1 ∼ 2.1 GeV was explored but no significant signal
observed [21]. The initial state radiation (ISR) processes e+e− → e+e−γISR and e+e− →
µ+µ−γISR were explored in the mass range of 1.5 up to 3.4 GeV, yet no enhancement
found in the invariant-mass spectrum of the leptonic pairs [22]. Using the abundant ψ′
and J/ψ data sets, the decay chains of ψ′ → J/ψπ+π−, J/ψ → A0γ, A0 → µ+µ− [8] and
1 The BESIII collaboration has announced that they have finished accumulating a sample of 10 billion
J/ψ events on February 11, 2019.
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J/ψ → A0γ, A0 → µ+µ− [9] were employed to search for the light CP-odd Higgs-like
particle A0.
Theoretically, when considering the interactions between the new force mediator X
and SM particles, extra Lagrangian needs to be introduced to the SM. For dark photons,
the new coupling arises from the gauge-invariant “kinetic mixing” of the new Abelian
gauge group U(1)X with the SM hypercharge group U(1)Y [23, 24]. For a Z
0-like X
boson, the theory with axial-vector couplings can also be UV-completed consistent with
the SM gauge invariance [25, 26]. And CP-odd pseudoscalar Higgs bosons are suggested
in the next-to-minimal super-symmetric standard model [27], where the mass of the
lightest CP-odd Higgs boson can be less than that of a J/ψ. In fact, many literature
try to explore the models beyond SM by adding extra gauge interactions or introducing
new gauge symmetries, see [28–34] as examples.
In the phenomenological study, various possible phenomenons on the new interaction
mediator X were investigated. One latest example, a “fifth force” mediated by a proto-
phobic 16.7 MeV boson was suggested to explain the 8Be∗ anomaly [35–37], which might
also be a solution to the muon’s anomalous magnetic moment [36, 37], NuTeV anomaly
[38] or 511 keV line [39]. Recently, the NA64 experiment presented the first direct search
for this hypothetical 16.7 MeV boson and exclude part of its allowed parameter space
[10]. For a very long period, various literature are discussing the possibility of the search
for the new interaction mediator X in current and future experiments, see Refs. [40–47]
for instance.
In this work, we study the production of the new interaction mediator X boson
associated with a photon in both electron-positron collision and J/ψ decay at the BESIII
experiment, in which different theoretical hypotheses on the nature of X will be taken
into account. In section II, we explore the mediatorX boson in the e+e− → Xγ → e+e−γ
product chain. Under the BESIII experiment conditions, the production and decay
properties of this new X particle, and the exclusion limits on the reduced coupling
strength parameters of X boson to SM particles as functions of the X boson mass
will be studied. In section III, we explore the X boson in the decay chain of J/ψ →
Xγ → µ+µ−γ. Section IV is reserved as the summery and outlook. Finally, some useful
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formulas are displayed in the Appendix. It should be mentioned that several formulas
presented in this manuscript about the Z0-like X hypothesis overlap with those in our
previous work [48], however with different concerns.
II. X PRODUCTION IN e+e− COLLISION
As an interaction mediator, the new particle X is usually regarded as a boson.
In this section, we study the production and decay properties of X boson in electron-
positron collision for both spin-0 and spin-1 hypotheses. In particular, we will discuss the
decay width of the X boson, and the exclusion limits on the reduced coupling strength
parameters as functions of X boson mass under the BESIII experiment conditions.
A. Spin-1 Hypothesis
As a general case, extra Lagrangian of the spin-1 X boson can be formulated as
LX = −1
4
XµνX
µν +
1
2
m2XXµX
µ −
∑
f
ef¯γµ(ǫv − ǫaγ5)fXµ, (1)
where e is the electron charge and ǫv/a denote the reduced coupling strength of new
boson X to vector/axial-vector currents, which implies the X boson can be either the
dark photon or a Z0-like particle. In Eq. (1), we simply assume the coupling strengths
of the new particle to leptons and quarks are equal.
e+
e−
X
γ
X
γ
e+
e−
FIG. 1: The Feynman diagrams of the e+e− → X + γ process, where the new particle
X can be a massive neutral spin-0 or spin-1 particle.
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We consider the production of the new boson X in associated with a SM photon
in e+e− collision, whose Born level Feynman diagrams are displayed in Fig. 1. And
the differential cross section of the process e+e− → X + γ with respect to cosθ can be
formulated,
dσ
d cos θ
=
2πα2(s−m2X)
16s3/2
√
s− 4m2e
(
ǫ2v|Mv|2 + ǫ2a|Ma|2
)
, (2)
with
|Mv|2 = 32s(cos
2 θ(4δ2m2X−s)(s(4δ2m2X+s)+m4X )+s(m4X(1−16δ4)+4δ2m2X(s−2m2X )+s2))
(m2X−s)2(s−cos2 θ(s−4δ2m2X))2
− 16, (3)
|Ma|2 = 32s(8(4δ
2−1)δ2m4Xs+(m4X+2δ2(m4X−6m2Xs+s2)+s2)(s−cos2 θ(s−4δ2m2X)))
(m2X−s)2(s−cos2 θ(s−4δ2m2X ))2
− 16. (4)
Here, δ stands for the ratio me/mX , θ is the emitting angle of the photon with respect
to the e+e− beam axis,
√
s is the C.M.S energy, mX/e are the masses of the X/electrons,
and α = 1/137 is the fine structure constant. In the δ → 0 (or me → 0) limit, we have
|Mv|2 = |Ma|2 = 16( 2(m
4
X + s
2)
sin2 θ(m2X − s)2
− 1). (5)
In Fig. 2, we plot the differential distribution dσ/dcosθ, and the total cross section
as a function of
√
s. Here we consider four mX inputs, and adopt the reduced coupling
strength parameters ǫv = ǫa = 10
−3. Running at
√
s = 3.7 GeV, the luminosity of
BESIII can reach 1033 cm−2s−1≃ 10 fb−1year−1 [49]. Then we can estimate the events
of the Z0-like X boson produced per year as a function of its mass mX in e
+e− → X+γ
process, as presented in Fig. 3. Here we have taken the 93% solid angle coverage of the
BESIII detector into consideration [50]. For 1 GeV < mX < 3.4 GeV, we can obtain
about (0.64 ∼ 6.5)× 104 Z0-like X bosons. And events at mX ∼ 2.5 GeV are about two
times of those where mX < 1 GeV. In Fig.s 2 and 3, it is found that these observables
are not sensitive to the new boson mass mX in the region of mX < 1 GeV. Here one can
easily estimate the results when adopting other ǫv/a inputs, since the (differential) cross
sections are proportional to the squared reduced coupling strength parameters ǫ2v/a.
Experimentally, the new boson X would be reconstructed with its decay products.
Since its mass mX may range from tens of MeV to several GeV at BESIII, there might
be various decay products. Below the 2π threshold (∼ 270 MeV), the new boson X
5
mX=20 MeV
mX=1 GeV
mX=2 GeV
mX=2.5 GeV
Z0-like X
ϵv = ϵa =10
-3
s =3.7 GeV
-1.0 -0.5 0.0 0.5 1.0
cosθ
0.05
0.10
0.15
0.20
dσ
dcosθ
(pb)
mX=20 MeV
mX=1 GeV
mX=2 GeV
mX=2.5 GeV
Z0-like X
ϵv = ϵa =10
-3
4 6 8 10
s (GeV)
1
2
3
4
σ(pb)
FIG. 2: The differential cross section with respect to cosθ of the e+e− → X + γ process
and its total cross section as a function of
√
s for the Z0-like X .
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(2.5, 1.32)
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FIG. 3: The events of the Z0-like X produced per year as a function of its mass mX
through the e+e− → X + γ process at √s=3.7 GeV. The 93% solid angle coverage of
the BESIII detector is considered.
can decay into e+e−, µ+µ−, photons, νν¯ or light dark sector particles. While heavier X
boson may have various hadronic decay products. In this section, we prefer using the
e+e− pairs to fully reconstruct the new X boson. And its decay width is
Γ0 ≡ Γ(X → e+e−) = α
√
m2X − 4m2e
3m2X
(
ǫ2v(m
2
X + 2m
2
e) + ǫ
2
a(m
2
X − 4m2e)
)
. (6)
For mX = 16.7 MeV, 212 MeV, 1 GeV and 3.4 GeV, we obtain the decay width Γ0 =
0.081, 1.0, 4.9 and 17 eV respectively by assuming ǫv = ǫa = 10
−3. Note that, when
reconstructing the X boson signals in the invariant-mass spectrum of the e+e− pairs
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(Mee), the smaller the decay width Γ0 is, the more clear the X resonance bump will
be. Below the 2µ threshold (∼ 212 MeV), since the 2γ/3γ decay modes are highly
suppressed, and assuming reasonably the decay width of X → νν¯ approximately equals
to Γ0, we can estimate the total decay width ΓX of X boson would be four times of Γ0,
i.e. ΓX . 4 eV. While for heavier X boson whose mass is above the 2K threshold (∼ 1
GeV), we can roughly estimate the hadronic decay width is two times of Γ0, and thus
the total decay width ΓX would be seven times of that, i.e. ΓX lies in 34 ∼ 119 eV for
1 GeV < mX < 3.4 GeV.
2 It is worth noting that the total decay width ΓX might be
much bigger than above estimation, since the interaction mediator X may decay into
some dark sector particles (dark decay width) where the coupling strength can be out
of the ǫ2v/a suppression. In the follow analysis, we will adopt the decay width ΓX = 10
eV, 100 eV and 1 keV as three reasonable parameter options.3
In the laboratory frame of e+e− → X + γ process, the velocity of X boson is v =
Eγ√
E2γ+m
2
X
with the energy of emitting photon Eγ =
s−m2X
2
√
s
. Then one can estimate the
decay length of X boson decaying into e+e− pair as 1
Γ0
× ~c√
1−v2 , where ~ and c are the
reduced Planck constant and velocity of light respectively. In the me → 0 limit and
assuming ǫv = ǫa = ǫ, the decay length turns into
3~c
αmXǫ2
√
1−v2 . By setting ǫ = 10
−3
and
√
s = 3.7 GeV, the decay length would be about 0.012 ∼ 1.7 µm for 212 MeV
< mX < 3.4 GeV. It is meaningful to measure the decay length of X boson since it can
help to determine the coupling strength and to identify signals over the background.
For the dark photon hypothesis, one can obtain the cross section or decay width by
setting ǫa = 0 in the relevant formulas above. We find that numerical values of the
differential distribution dσ/d cos θ, total cross section as a function of
√
s, the events as
a function of mX and the decay width Γ0 for the dark photon X boson are one half of
those for the Z0-like X boson, i.e. the contributions of vector and axial-vector currents
are of the equal importance.
2
∑
q=u,d,s
Γ(X → qq¯)/Γ0 ≈ 2, Γ(X → µ+µ−)/Γ0 ≈ 1. Besides, for mX lies between the 2τ threshold
(∼3.45 GeV) and √s = 3.7 GeV, the X → τ+τ− decay mode will contribute.
3 When not considering the dark decay width, we obtain ΓX = 10 eV atmX = 0.31 GeV, and ΓX = 100
eV at mX = 2.94 GeV, and this mass span is covered by the BESIII energy region.
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FIG. 4: The Feynman diagrams of the process e+e− → e+e−γ, where both the X
propagated diagrams (the signal) and the virtual photon propagated ones (the
background) are displayed. Diagrams are divided into two groups (I, II).
Next we explore the mediator X boson in the process of e+e− → e+e−γ, and the
Born level Feynman diagrams are displayed in Fig. 4, where the propagator can be
either a X boson (the signal) or a virtual photon (the background). To be noted that
the last two signal diagrams (Fig. 4 (7, 8)) are the X resonant ones in the invariant-
mass spectrum Mee, i.e. the new boson X and a photon are firstly produced then
followed by the X to e+e− decay. For the sake of discussion, these two diagrams are
grouped in (II), while the previous six are grouped in (I). In the calculation of the group
(II), we adopt the Breit-Wigner form for the propagator of the unstable X boson, i.e.
1/(p2X −m2X + iΓXmX), where p2X = M2ee and ΓX is the total decay width of X boson.
In our numerical calculation, we find that the group (II) dominates the signal process
for both spin-1 and spin-0 X boson hypotheses. So we take only the group (II) of the
X-propagated diagrams into consideration in the following discussion.
Under the BESIII experiment conditions4, we evaluate the cross section σsig of the
signal process e+e− → Xγ → e+e−γ as a function of the X boson mass mX for the
Z0-like X , which is presented in Fig. 5. Since the total decay width of X boson varies
4 We adopt the selection conditions for the tracks in final states, i.e. the photon selection condition is
| cosα| < 0.8 with its energy Eγ > 25 MeV for the barrel (omitting the narrow endcap region), while
good charged tracks are constrained in the region of | cosβ| < 0.93, with α/β being the polar angles
of the final particles with respect to the e+e− beam axis [50].
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in the range of ΓX = 10 ∼ 100 eV if its mass lies in mX = 0.31 ∼ 2.94 GeV, we marked
the corresponding area in the plot. And the ΓX = 1 keV curve corresponds with the
large dark decay width hypothesis. It is found that the cross sections increase with
the decrease of the ΓX . This can be attributed to the dominated Feynman diagrams
of the group (II), since a smaller ΓX in the Breit-Wigner propagator will lead to a
larger cross section around the X resonance point of Mee = mX . For the dark photon
X boson, we find that its cross section is about one fourth of the Z0-like X one, i.e.
σZ0−like X/σdark photon X ≈ 4, which implies again that the axial-vector current and the
vector one are of the same importance. For the background process displayed in Fig.
4 (γ∗-propagated diagrams), we need to consider only the initial state radiation (ISR)
diagrams of Fig.s 4 (5∼8). The reason is that the ISR X-propagated Fig.s 4 (7, 8)
dominate the signal process, thus we can study only the ISR processes in experiments.
We obtain the cross sections for the background σbg = 13 nb for the ISR diagrams only,
and 35 nb for all γ∗-propagated ones.
Γx=10 eV
Γx=100 eV
Γx=1 keV
Z0 - likeX
ϵv = ϵa =10
-3
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
10-6
10-5
10-4
0.001
0.010
0.100
1
mX(GeV)
σ
s
ig
(p
b
)
Coss section for e+e-→Xγ→e+e-γ
FIG. 5: The cross section σsig of the signal process e
+e− → Xγ → e+e−γ as a function
of X boson mass mX for Z
0-like X boson. The total decay width of X boson varies in
the range of ΓX = 10 ∼ 100 eV if its mass lies in mX = 0.31 ∼ 2.94 GeV. And the
ΓX = 1 keV curve is for the large dark decay width hypothesis.
For a sound estimation, we need to know the signal-to-noise ratios (SNR), which
would judge whether we can identify the signals over the background or not. Taking
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the ΓX = 10 eV case as an example, we select the central value in each mX bin of Fig.
5, and evaluate the cross section of the background process and the SNR around the
signal bump in the Mee spectrum (assuming ǫv = ǫa = ǫ). Because the BESIII detector
has the limited energy resolution (δE = 2.5%
√
E around 1 GeV [51]), the reconstructed
signal shape in the Mee spectrum would be a bump with some width rather than a
sharp peak. And for a normal distribution, three standard deviations could cover 99.7%
data. So we would estimate the cross section of the background process in a Mee span
around the selected mX value with the span width of three standard deviations of the
energy resolution, and then calculate the SNR in those spans for the Z0-like X boson,
as presented in Tab. I. Note that only the contribution of the ISR background process is
considered. For more analysis on the signal reconstruction and SNR estimation, please
refer to our previous work [48].
TABLE I: The cross section of the background process in a Mee span around the
selected mX value with the span width of three standard deviations of the energy
resolution (δE = 25 MeV), and the signal-to-noise ratios (SNR) in those spans for the
Z0-like X boson (assuming ǫv = ǫa = ǫ).
Signal process Background process
SNR (
σsig√
σsig+σbg
)
mX (GeV) σsig (pb) (ΓX = 10 eV, ǫ = 10
−3) Mee (GeV) σbg (pb) (ISR only)
0.2 0.00045 [0.125, 0.275] 42 0.000069
0.6 0.0014 [0.525, 0.675] 32 0.00025
1.0 0.0043 [0.925, 1.075] 36 0.00071
1.4 0.013 [1.325, 1.475] 45 0.0019
1.8 0.013 [1.725, 1.875] 61 0.0017
2.2 0.034 [2.125, 2.275] 95 0.0035
2.6 0.052 [2.525, 2.675] 163 0.0041
3.0 0.12 [2.925, 3.075] 379 0.0062
3.4 0.82 [3.325, 3.475] 1500 0.021
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FIG. 6: The exclusion limit on the reduced coupling strength parameter ǫ (ǫv = ǫa = ǫ)
as a function of the mass mX for Z
0-like X boson. When mX lies in mX = 0.31 ∼ 2.94
GeV, its total decay width would be ΓX = 10 ∼ 100 eV, i.e. the shaded areas.
Finally, we discuss the exclusion limits of the reduced coupling parameter (assuming
ǫv = ǫa = ǫ) versus the new boson mass mX under the BESIII experiment conditions. In
Fig. 6, regions of the parameter space (ǫ vs mX) for the Z
0-like X boson are presented.
The upper limits on the parameter ǫ are derived by solving the function, σsig×L = 1 X
event, where σsig is proportional to ǫ
4 and L is the integrated luminosity. With the
data of tens of fb−1, it is found that the reduced coupling strength parameter ǫ is placed
in the range between 10−3 and 10−4 depending on mX where ΓX runs from 10 to 100
eV. For the same reason with the cross section, it is clear that the exclusion limits are
sensitive to the decay width ΓX . For the dark photon X boson, the exclusion limits
would be suppressed by a factor of
√
2 under the same conditions.
B. Spin-0 Hypothesis
In this subsection, we will extend our analysis and explore the neutral spin-0 X
particle. We introduce the Yukawa interaction Lagrangians for the scalar (S) and pseu-
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doscalar (PS) X boson respectively,
LintS = −e
∑
f
ηf f¯Xf, LintPS = −e
∑
f
ξf f¯γ5Xf. (7)
Here e is the electron charge, ηf is the reduced Yukawa coupling strength parameter of
the scalar X to fermions, and ξf stands for that of the pseudoscalar X to fermions.
For the scalar/pseudoscalar X bosons, we also consider their production in the
process of e+e− → X + γ. We obtain the differential cross sections for the
scalar/pseudoscalar X with respect to cosθ as follows,
dσS/PS
d cos θ
=
2πα2(s−m2X)
16s3/2
√
s− 4m2e
× |MS/PS|2, (8)
with
|MS|2 = η
2
e16s(s(32δ
4m4X−8δ2m2X(m2X+s)+m4X+s2)−cos2 θ(s−4δ2m2X )(s(s−8δ2m2X)+m4X ))
(m2X−s)2(cos2 θ(4δ2m2X−s)+s)2
, (9)
|MPS|2 = ξ
2
e16s(s(−8δ2m2Xm2X+m4X+s2)+cos2 θ(4δ2m2X−s)(m4X+s2))
(m2X−s)2(cos2 θ(4δ2m2X−s)+s)2
, (10)
where ηe/ξe are the reduced coupling strength parameters of scalar/pseudoscalar X
bosons to electrons, and other variables have the same meanings as those in Eq.s (3, 4).
In the δ → 0 (or me → 0) limit, we have
|MS|2/η2e = |MPS|2/ξ2e =
16(m4X + s
2)
sin2 θ(m2X − s)2
. (11)
For the scalar/pseudoscalar X bosons decaying to the fermion pairs X → f f¯ , it is
readily to obtain the decay widths,
Γ(X → f f¯)S = η
2
fCAα(m
2
X−4m2f )3/2
2m2X
, (12)
Γ(X → f f¯)PS = ξ
2
fCAα
√
m2X−4m2f
2
. (13)
Here, CA = 3 for quarks and CA = 1 for leptons. Obviously, in the mf ≪ mX limit, the
above two formulas become exactly the same regardless of the coupling parameters. We
find that the decay widths of Γ0 ≡ Γ(X → e+e−) are numerically equal for scalar and
pseudoscalar X bosons when mX ≥ 16.7 MeV, which are (0.061, 0.99, 3.6, 12.4)×10−4
eV for mX = 16.7 MeV, 270 MeV (∼ 2mπ), 1 GeV (∼ 2mK) and 3.4 GeV respectively
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by setting ηe = ξe = 10
−5.5 Then for 2mπ < mX < 2mK , we can roughly estimate the
total decay width ΓX ≃
∑
f=e,µ,u,d
Γ(X → f f¯) = (m2e+m2µ+3m2u+3m2d
m2e
)Γ0 ≈ 4.3 × 104 Γ0 ∈
[4.2, 15.7] eV. And for 2mK < mX < 2mτ , the total decay width would be about
1.5 × 105 Γ0 ∈ [55, 186] eV. Here we assume the loop induced decay mode X → 2γ is
suppressed.
Now we consider the decay length of this spin-0 X boson in the laboratory frame
of e+e− → X + γ process. Similar to the Z0-like X case, in the me ≪ mX limit, the
decay length of X boson decaying into e+e− pairs is 2~c
αmXη2e
√
1−v2 , two thirds of the decay
length of the Z0-like X regardless of the coupling parameter. By setting ηe = 10
−5 and
√
s = 3.7 GeV, the decay length would be about 0.16 ∼ 22 mm for 212 MeV < mX < 3.4
GeV. In the vertex chamber, such a long decay length can be easily observed.
It’s worth noting that, in the coming numerical evaluation, we find that all the curves
of the scalar X boson hypothesis are overlapped with those of the pseudoscalar X one,
including the plot of exclusion limits on the reduced coupling parameter versus the mass
mX . So we only discuss the scalar X case in this subsection.
With the help of Eq.s (8, 9), we can evaluate the differential distribution of the
cross section dΓ/dcosθ and the total cross section as a function of
√
s for the scalar X
boson, which are presented in Fig. 7. Assuming the reduced Yukawa coupling parameter
ηe = 2.5×10−5 and adopting the luminosity of L ≃ 10 fb−1year−1 at
√
s = 3.7 GeV, one
can also estimate the events of scalar X per year at BESIII detector as displayed in Fig.
8. One may notice that there will be no signals of the scalar X boson for ηe . 2.5×10−5
with the 10 fb−1 data set. In these figures, we find that the values are insensitive to the
X boson mass mX in the region of mX < 1 GeV, which is similar to the spin-1 case.
Here one can easily evaluate all the observables when adopting other ηe inputs, since the
(differential) cross sections are proportional to the squared coupling parameter η2e .
For the detection of the scalar X at BESIII, we also use the e+e− pairs to fully
reconstruct the signals, and both the signal and background Feynman diagrams are the
same as those of spin-1 case displayed in Fig. 4. Here, we continue to adopt the decay
5 In SM, the Yukawa coupling strength of the Higgs boson to electrons is mee
2mW sinθw
≈ 6.6× 10−6e.
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FIG. 7: The differential cross section of the e+e− → X + γ process with respect to
cosθ, and the total cross section as a function of
√
s for the scalar X boson.
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FIG. 8: The events of the scalar X boson produced per year as functions of its mass
mX in the e
+e− → X + γ process at √s=3.7 GeV. The 93% solid angle coverage of the
BESIII detector is considered.
width ΓX = 10 eV, 100 eV and 1 keV as three reasonable parameter options.
6 Then we
evaluate the cross section of the signal process σsig as a function of the X boson mass
mX , as is presented in Fig. 9. Due to the weak Yukawa coupling of X boson to electrons,
the cross section is found to be very small. Similar to the SNR analysis for Z0-like X
boson in Tab. I, we can also evaluate the SNR for the scalar X boson, and find that the
6 When not considering the dark decay width, we obtain ΓX = 10 eV atmX = 0.64 GeV, and ΓX = 100
eV at mX = 1.8 GeV for this spin-0 X boson.
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SNR for the nine mX values selected in Tab. I are all below 10
−10 assuming ηe = 10−5
for ΓX = 10 eV case. In Fig. 9, we also present the exclusion limit on the reduced
coupling strength parameter ηe versus the new boson mass mX . One can find that the
upper limits on the parameter ηe lie in the range between 10
−3 and 10−4 depending on
mX and ΓX for tens of fb
−1, which is similar to the spin-1 case. Note that the BESIII
experiment selection conditions are also adopted here. It is found that the weak Yukawa
coupling of X boson to electrons ηe exceeds the scope of the upper limits. In the coming
section, we will consider the search for these scalar/pseudoscalar Higgs-like X bosons in
a much better process of J/ψ → µ+µ−γ, since the Yukawa coupling strength of X to
charm quarks and muons should be much bigger.
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FIG. 9: The cross section σsig of the signal process and the exclusion limit on the
reduced coupling strength parameter ηe as functions of mX for scalar X boson.
As a final remark in this section, the BESIII experiment searched for the X boson
in the initial state radiation reactions e+e− → l+l−γISR (l = e, µ) using a data set of
2.93 fb−1 at
√
s = 3.773 GeV in 2017 [22]. But no enhancement is observed in the mass
range of 1.5 up to 3.4 GeV, the upper limits on the reduced coupling parameters are set
to be around 10−3 with a confidence level of 90%, which is consistent with our analysis.
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III. X PRODUCTION IN J/ψ DECAY
As is known that the BESIII experiment has accumulated the largest J/ψ data
worldwide, and a data set of 10 billion J/ψ events has been obtained in Feb. 11, 2019.
So in this section we will search for the interaction mediator X boson in the J/ψ →
µ+µ−γ decay. Here, we use the µ+µ− invariant-mass spectrum rather than the e+e−
one to reconstruct the X signals, since the Yukawa coupling strength parameters of X
to muons should be much bigger than those of X to electrons in the scalar/pseudoscalar
hypotheses.
A. Scalar and Pseudoscalar Hypotheses
We firstly discuss the production of the scalar(S)/pseudoscalar(PS) X bosons in
J/ψ decay. The Yukawa interaction Lagrangian are the same as those of Eq. (7). Then
we obtain the decay widths of the J/ψ → X + γ process for the scalar and pseudoscalar
X bosons respectively,
Γ(J/ψ → Xγ)S = (ηc)
28πα2Ψ2(16κ4 + 16κ2 + 1)
27κ4(4κ2 − 1)m2X
, (14)
Γ(J/ψ → Xγ)PS = (ξc)
28πα2Ψ2(4κ2 − 1)
27κ4m2X
, (15)
where ηc/ξc are the reduced coupling strength of scalar/pseudoscalar X to charm quark,
κ stands for the ratio mc/mX , mc = 1.5 GeV and the squared wave function at the
origin Ψ2 = m
2
cΓ(J/ψ→e+e−)
4πe2cα
2(1−8αs/(3π))2 [52], with ec = 2/3, αs = 0.23 and Γ(J/ψ → e+e−) =
5.55 × 10−6 GeV [1]. Given the total decay width of J/ψ as ΓJ/ψ = 92.9 keV and
the data set of 10 billion J/ψ events, we can estimate the events of the scalar X
boson as (0.63, 1.0, 3.3, 8.6) × 109η2c , and events of the pseudoscalar X boson as
(0.61, 0.55, 0.34, 0.19) × 109ξ2c , for mX = (0.212, 1, 2, 2.5) GeV accordingly. If as-
suming ηc ∼ ξc ∼ 10−3,7 one may obtain 102 ∼ 103 events of the scalar/pseudoscalar X
bosons.
7 Here we adopt a smaller Yukawa coupling strength in comparison with the one in SM, mce
2mW sinθw
≈
1.9× 10−2e.
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FIG. 10: The Feynman diagrams of the process J/ψ → µ+µ−γ, where both the X
propagated diagrams and the virtual photon propagated ones are displayed.
For the detection of X boson, it is a better choice to use the µ+µ− final states rather
than the e+e− pairs to reconstruct the X signals in the Yukawa coupling hypothesis.
The Born level Feynman diagrams of the J/ψ(p) → µ+(k1) + µ−(k2) + γ(k3) process
mediated by both the X boson (the signal) and the virtual photon (the background) are
displayed in Fig. 10. One may notice that, because of the conservation of the orbital
angular momentum, the background process has only two diagrams of Fig. 10 (a, b),
while only Fig. 10 (c, d) contribute to the X production in this spin-0 hypothesis. Here,
we also adopt the Breit-Wigner form for the propagators in the calculation of Fig. 10
(c, d). Then we calculate the differential decay widths dΓ/(ds1ds2) for the scalar and
pseudoscalar X bosons respectively,
dΓS/PS
ds1ds2
=
α3Ψ2
768m4c
× |MS/PS|2 , (16)
with
|MS|2 =
(ηcηµ)
21024(16m4c + 16m
2
cs1 + s
2
1)(s1 − 4m2µ)
9(s1 − 4m2c)2(Γ2Xm2X + (m2X − s1)2)
, (17)
|MPS|2 = (ξcξµ)
21024s1
9(Γ2Xm
2
X + (m
2
X − s1)2)
, (18)
where ηµ/ξµ are the reduced coupling strength parameters of scalar/pseudoscalar X to
the muon, s1 and s2 are the Dalitz invariants s1 = (k1 + k2)
2 and s2 = (k2 + k3)
2, and
mµ is the mass of the muon.
With the help of Eq. (16), one can estimate the decay widths Γsig of the signal
process J/ψ → Xγ → µ+µ−γ as functions of the X boson mass mX for both the scalar
and pseudoscalar X boson cases, as displayed in Fig. 11. Here ηcηµ = ξcξµ = 10
−6 is
adopted, and the energy of emitting photon Eγ is constrained in the region of Eγ > 100
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MeV. And the total decay widths of X boson ΓX = 10 eV, 100 eV and 1 keV are also
adopted as three proper parameter options. It is found that we have different line shapes
for the decay widths of pseudoscalar and scalar X bosons.
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FIG. 11: The decay widths Γsig of the signal process J/ψ → Xγ → µ+µ−γ as functions
of the X boson mass mX for the scalar and pseudoscalar X bosons.
It is worth noting that, in this spin-0 hypothesis, we can distinguish between the
signal (Fig. 10 (c, d)) and the background (Fig. 10 (a, b)) by identifying where the
emitting photon comes from. So the J/ψ → Xγ → µ+µ−γ process would be an ideal
decay chain for the search of a spin-0 X boson. According to Eq.s (12, 13), we assume
reasonably Γ(X → µ+µ−) ≈ 1 ∼ 10 eV by setting ηµ ∼ ξµ ∼ 10−3, then we obtain its
decay length is 0.02 ∼ 1 µm for 270 MeV< mX < 2.8 GeV in the rest frame of J/ψ.
Thus the secondary vertex reconstruction of the decay chain may help identifying the
signal over the background.
For the exclusion limits on the reduced coupling strength parameters as functions
of mX , the parameter spaces for the scalar and pseudoscalar X bosons are presented in
Fig. 12. In these figures, the constrain on the energy of the emitting photon Eγ > 100
MeV is adopted. It is found that, with the 10 billion J/ψ events, the upper limit on
the parameter (ηcηµ)
1/2 varies between 6 × 10−4 and 1 × 10−4 for 10 eV< ΓX < 100
eV depending on mX . However, for the pseudoscalar case, the upper limit of (ξcξµ)
1/2
stays around 4 × 10−4 under the same conditions. If the reduced coupling strength
parameters were
√
ηcηµ =
√
ξcξµ = 10
−3 as we adopted in Fig. 11, we believe that the
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FIG. 12: The exclusion limits on the reduced coupling strength parameters (ηcηµ)
1/2
and (ξcξµ)
1/2 as functions of mX for the scalar and pseudoscalar X respectively.
scalar/pseudoscalar X bosons may be found or excluded using the µ+µ− mass spectrum
of the J/ψ → µ+µ−γ process with the 1010 J/ψ data set.
B. Axial-vector Hypothesis
Due to the fact that J/ψ cannot decay into a dark photon X and a SM photon, we
will consider the Z0-like X hypothesis in this subsection. By adopting the “vector minus
axial-vector” interaction Lagrangian of Eq. (1), one can obtain the decay width of the
J/ψ → X + γ process,
Γ(J/ψ → Xγ) = (ǫa)
28πα2Ψ2(16κ4 + 40κ2 + 1)
27κ4(4κ2 − 1)m2X
, (19)
where the variables have the same meanings as those in Eq.s (14, 15). Obviously, only the
axial-vector current survives here. One may also notice that Eq. (19) resembles Eq. (14)
of the scalar case. Given the total decay width ΓJ/ψ = 92.9 keV and the 10 billion J/ψ
data set, we can estimate the events of this Z0-like X boson as (0.65, 1.5, 6.2, 17.0)×103
for mX = (0.212, 1, 2, 2.5) GeV respectively by assuming ǫa = 10
−3, which are much
less than the events produced in the e+e− → X + γ process when mX < 2 GeV, but
then grow quickly with the increasement of mX .
Next, we consider identifying the Z0-like X signals in the J/ψ → µ+µ−γ process,
and we have four signal diagrams as displayed in Fig. 10. Here, we divide them into
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two parts: Fig. 10 (a, b) which have mutual interference with the background diagrams,
and Fig. 10 (c, d) or the X resonance diagrams in µ+µ− invariant mass spectrum. Then
we calculate the differential decay width dΓ/(ds1ds2) of those two parts and their cross
terms, which have been sorted in the appendix. Here we also adopt the Breit-Wigner
form for the X propagators in Fig. 10 (c, d). In addition, the differential decay width
dΓ/(ds1ds2) of the background process (γ
∗-propagated Fig. 10 (a, b)) is also presented
in the appendix.
With the help of differential Eq.s (22∼25), we evaluate the decay width Γsig of the
signal process as a function of the X boson mass mX in Fig. 13. We find that the
Fig. 10 (c, d) dominate the signal process for the Z0-like interaction hypothesis. And
the decay width of X-propagated Fig. 10 (a, b) is 10−9 ∼ 10−8 eV depending on mX .
Moreover, for the decay width of γ∗-propagated Fig. 10 (a, b) (the background), we
obtain Γbac = 1.5 × 10−3ΓJ/ψ = 0.14 keV with Eγ > 100 MeV, which is absent in the
PDG [1]. In Fig. 13, we also present the parameter space of the reduced coupling
strength (ǫv = ǫa = ǫ) as a function of the X boson mass mX . It is found that, with the
10 billion J/ψ events, the upper limit on the parameter ǫ is placed in the range between
5 × 10−4 and 1 × 10−4 for 1 eV< ΓX < 100 eV depending on mX . In these plots, the
energy of the emitting photon Eγ is constrained in the region of Eγ > 100 MeV.
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FIG. 13: The decay width Γsig of the signal process and the exclusion limit on the
reduced coupling strength parameter (ǫv = ǫa = ǫ) as functions of the X boson mass
mX for Z
0-like X boson.
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The BESIII experiment searched for the light exotic X particle twice in the J/ψ →
µ+µ−γ process. In 2011, they set 90% confidence level upper limits on the product
branching fraction Br(J/ψ → Xγ) × Br(X → µ+µ−)< 2.1 × 10−5 [8]. In 2015, the
upper limits on the product branching fraction were improved by a factor of five, below
5×10−6 [9]. In our estimation, assuming ΓX = 10 eV, the upper limits of the branching
fraction Br(J/ψ → Xγ → µ+µ−γ) are estimated to be 2× 10−6, 2× 10−8 and 7× 10−7
for the scalar, pseudoscalar and Z0-like X hypotheses respectively, which are consistent
with the experimental results.
IV. SUMMARY AND OUTLOOK
With the idea that non-SM gauge bosons imply new interactions beyond SM, in
this work we investigate the possibility of searching for the new interaction mediator
X boson in the BESIII experiment. We analyze the X direct production in electron-
positron collision and also indirect production in J/ψ decay. Four typical hypotheses for
the X boson, i.e. the scalar, pseudoscalar, Z0-like and dark photon, prevailing in the
literature are explored. A systematic study on the production/decay properties of the
X boson, the product/decay chains e+e− → Xγ → e+e−γ and J/ψ → Xγ → µ+µ−γ,
and the exclusion limits on the reduced coupling strength parameters at BESIII are
presented.
According to our analyses, some conclusions can be drawn here:
(i) For either spin-1 or spin-0 hypothesis, the total decay width ΓX of X boson ranges
roughly from 1 eV to 100 eV depending on mX . One may obtain the bigger decay
width when taking the X to dark sector decay into consideration.
(ii) For X production process of e+e−
X−→ e+e−γISR, the X resonant diagrams in Mee
spectrum always dominate the cross section. And the contributions of vector and
axial-vector currents are of the equal importance for mX >> me under the equal
coupling strength assumption. It is found that the Z0-like X events produced in
e+e− → Xγ are more than those with X being dark photon or spin-0 boson, and
can reach (109 ∼ 1010) × ǫ2 per year depending on mX . With tens of fb−1 data
21
set, we also found that the reduced coupling strength parameters (ǫ, ηe, ξe) are
placed in the range between 10−3 and 10−4 depending on mX for 1 eV< ΓX <100
eV. These suggest that the Z0-like boson X signal might be found in the product
chain e+e− → Xγ, X → e+e−, or excluded, in the present run of BESIII.
(iii) For X production in the J/ψ → Xγ, X → µ+µ− decay chain, the decay widths
of X being the scalar and Z0-like bosons increase when the mass mX grows, while
the line shape of X being the pseudoscalar boson looks flat. Reasonably assuming
10 eV< ΓX < 100 eV, the coupling strength parameters (ǫ,
√
ηcηµ) lie in the range
of 5 × 10−4 ∼ 1 × 10−4 depending on mX , while
√
ξcξµ stays around 4 × 10−4.
We also find that it is an ideal channel to explore the spin-0 X hypothesis, since
one can distinguish the signal from the background by identifying the ISR photon.
With the data set of 1010 J/ψ events, one can obtain O(103) scalar/Z0-like X
bosons when setting the reduced Yukawa coupling parameters ∼ 10−3, which is
also within the reach of BESIII.
Appendix: Differential decay widths of J/ψ(p)
X/γ∗−−−→ µ+(k1) + µ−(k2) + γ(k3)
1. Background process
We firstly introduce some notations, s1 = (k1+k2)
2, s2 = (k2+k3)
2, Ψ2 is the squared
wave function at the origin of J/ψ and ΓX is the total decay width of the X boson.
Then for the background process J/ψ
γ∗−→ µ+µ−γ (Fig. 10 (a, b)), we obtain its
differential decay width,
dΓ
ds1ds2
=
α3Ψ2
768m4c
× |Mbg|2, (20)
with
|Mbg|2 = 128
9m2c(m
2
µ − s2)2(−4m2c −m2µ + s1 + s2)2
×(− s22(−8s1(2m2c +m2µ) + 12(2m2c +m2µ)2 + 3s21) + s2(4m2c + 2m2µ − s1)(4(2m2c +m2µ)2 + s21)
+4s32(4m
2
c + 2m
2
µ − s1) +m2µ(−192m6c + 16m4c(5s1 − 7m2µ)− 4m2c(4m4µ − 8m2µs1 + 3s21)
−2m6µ − 3m2µs21 + s31)− 2s42
)
. (21)
22
2. Z0-like X case
The differential decay width of the signal process J/ψ
X−→ µ+µ−γ for the Z0-like X
boson (Fig. 10 (a∼d)),
dΓ
ds1ds2
=
α3Ψ2
768m4c
× (|M1|2 + |M2|2 + |M3|2), (22)
where |M1|2 is the squared amplitudes of the signal diagrams of Fig. 10 (a, b), |M3|2
stands for those of Fig. 10 (c, d), and |M2|2 is their cross terms. And their explicit
expressions are
|M1|2 = 36ǫ
4
vm
4
c |Mbg|2
(m2X − 4m2c)2
+
256ǫ2vǫ
2
a
(m2X − 4m2c)2(m2µ − s2)2(−4m2c −m2µ + s1 + s2)2
×(128m8c(s2 − 3m2µ) + 32m6c(3m4µ +m2µ(5s1 + 8s2)− s2(s1 + 3s2))
−8m4c(6m6µ − 2m4µ(s1 + 8s2) +m2µ(3s21 + 22s1s2 + 14s22)− s2(s1 + 2s2)2)
−2m2c(2m8µ − 8m6µ(2s1 + s2) + 3m4µ(3s21 + 12s1s2 + 4s22)−m2µ(s31 + 20s21s2 + 24s1s22 + 8s32)
+s2(s1 + s2)(s
2
1 + 2s1s2 + 2s
2
2))−m2µs21(m2µ − s2)(m2µ − s1 − s2)
)
, (23)
|M2|2 =
1024ǫ2vǫ
2
a(s1 −m2X)(16m4c(3m2µ − 2s1) + 16m2cm2µs1 +m2µs21)
3(4m2c −m2X)(m2µ − s2)(Γ2Xm2X + (m2X − s1)2)(4m2c +m2µ − s1 − s2)
, (24)
|M3|2 = 1024ǫ
2
a
9(s1 − 4m2c)2(Γ2Xm2X + (m2X − s1)2)
×(ǫ2a
(
16m4c(s1 − 2m2µ)− 8m2cs1(13m2µ − 3s1 + s2) + s1(2m4µ − 4m2µ(s1 + s2) + s21 + 2s1s2 + 2s22)
)
+ǫ2v
(
16m4c(2m
2
µ + s1) + 8m
2
cs1(7m
2
µ + 3s1 − s2) + s1(2(m4µ − 2m2µs2 + s2(s1 + s2)) + s21)
))
. (25)
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